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ABSTRACT 

This paper is based on the idea that designing a 
knowledge representation for an intelligent physics computer tutoring 
system depends, in part, on the target behavior anticipated from the 
student. In addition, the document distinguishes between qualitative 
and quantitative competence in physics* These competencies are 
illustrated through questions that students are expected to answer 
for two problems (a crane boom and a stone throw problem) and 
approaches are described that are consistent with each type o£ 
competence. An example is described which demonstrates that an 
approach that leads to competence in qualitative reasoning emphasizes 
pedagogic and conceptual knowledge, and an approach that leads to 
competence in quantitative reasoning is an expert system which 
emphasizes problem solving and factual knowledge. Two ways to 
categorize the knowledge of a physics tutor are presented. The first 
consists of facts, skills, and concepts, and the second distinguishes 
between expert and pedagogic knowledge. Several figures are provided. 
(TW) 
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ABSTRACT 



Designing a knowledge representation for an inteUigent tutor depends m part, on the 
tarccT behavior antic^ed from the student and we distinguish between competence 
in quaUtative physics and competence in quantitative. Wc iUustrate this competence 
through questions we expect a student to be able to answer 
probirms, a crane boom and a stone throw problem and <J«c«*<; »Pf*^»»^ 
consistent with each type of competence. For example the approach Aat lea& to 
competence in qualitative reasoning emphasizes pedagogic and conceptual knowledge 
and the approach that leads to competence in quantative reasomng, « an expert 
system which emphasizes problem sohring and factual knowledge. In crtabhshmg a 
vocabulary for discussing knowledge represcntetion issues, we suggest two (orthop>nal) 
ways to categorize the knowledge of a physics tutor. TTie ^^^^^J^^ ^^^^^ 
skills, and concepts and the second distinguishes between expert and pedagogic 

knowledge. 
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We t?e on die veige of deytSopmg tubitantially more powerfol intdl||eiit tutoriog 
lyitemt that can feasoo about a thident'a knovrfedge and oMtoaHaOor their teadiing 
ttrategy to hit individual karaing pattern. Sudi tyiteott win be able to lifflulate >rorkV* 
(eg., the ocean,9 atmoipheie, gower plants, eoosyftemt, etc.) in a vinally ridi and 
tnfonnationaUy denie way that b not ciineatly poHible. 

Obviously, we are not yet aq»ble of building such ^strms; formidable barriers, both 
bardware and software, stand betfi4en us and fuD realizatioo of die potential. However, 
m&y of these barriers are Aeoretica!, rather dian engtoeerfaig; Ije^ thqr depend on 
providing new abilities or new results to die computer. In this article we discuss one of 
tbe most salient of these barrien, rqnesenting the knowledge for a co mpu t e r tutor. By diis 
we tnean teasing apart, and codifying, knowledge d tbe domain, discourse, tutoring, and of 
the student tm use inside the computer. 

The very fact diat knowledge representation remains a barrier to successful 
development of intelligent tuton underscores die important difference between intelligent 
teaching systems and computer*aided instruction, CAL Since intetli|Siit tutoring systems 
ftflsoo about tbe student and die domain, they require encoded knowle4ge of the student, 
tutoring, and of discourse conventioos to make reasonable decisio ns about dieir re^xmses to 
tbe student. 

The purpose of this article is to estaMidi a vocabulary - a common ground - for 
the various participants in the devdopment phase of a computer tutor. These partidpanti 
include, but are not limited to, teadiers, computer scientists, psychologisis, and domain 
spedilists. Each will need to work widi the odiers to build inteUigent tutorfaig syitems: 
teachers will have to become familiar with the knowledge engineerini dements of a ^stem 
tod the computer sdentisis with the die educator's opettise b academic domahis, in 
pedagogy, and in curriculum design. la developing ibk o^mmoo ground vocabuhury, we are 
sdditiooaOy addressing all the concerns of knowledge^ representatioo that impact on the 
devdopment of tutoring qfstems. 
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The Exploring Syttemt Earth (BSE) hcs almdy begun to tndn high school tckooe 
teacheff in knowledge engineering iniet. For coUaboiatloni wch at tihr^e to be effective, 
the parties invotved must work from a common vocabulary and structure that acts u the 
basb for communication and the evolution (rf ideas. Hie Umass ITS group is wortJng 
toward sudi a rqiresentatiooal sdieme for intdUgent tutors. 

There are several criteria for developing a general knowledge rqpresentation scheme 
for tutoring. Such a representatiott must 1) be general enou^ to be used for tatoriog many 
domains and many typr« of knowledge (fads, skills, etc.), 2) be powerful enou^ to support 
(or upgrade to) the sophisticated inferendng needed for expert problem aohriiig and student 
behavior diagnosis, and 3) dear and unambiguous enough to make die task of transferring 
a teacher's knowledge to the computer efficient and straiglitforward. 

This paper describes our current work on devdoptng such a knowledge representation 
(KR) sdieme. Tlie paper focuses on the domain of f^ysics, but the intent is to design a 
general KR scheme that could be used in any science or tedmkal domain. The KR scheme 
is intended to rqvesent only domain qiedfic knowledge (physics in Ais caae^ we do not 
address general knowledge about tutoring rules or discourse conventions (see Wooif 1984 for 
a discussion of these). We do, however, indude idiat we call pedagogic components of 
domain knowledge. Pedagogic knowledge is die knowledge tiiat a tutor needs to teach 
expert knowledge. Expert knowledge is knowledge needed to sohfe a problem in tiie 
domain. Examples of pedagogic knowledge are a hierarchy of salient topics, pointers to 
useful examples, and ioformatioo ""about how the domain knowledlge is organized 
pwtogogi^. 

We address two issues in the design of a knowledge represen tatioo (KR) sdieme: 

^ The KR design depends, in part, on die target bduivior antic^|Nited from the student and 
we distinguish between competence fai qimtiiattve physics and co mp etence in quantlta$hfe. 
We illustrate this competence through questions we expect a student to be able to answer 
for two example prcMems, a crane boom and a stone throw problem and describe 
approaches consistent with each type of competence. For example, the approach diat leads 
to competence in qualitative reasooJng emphasizes pedagogic and concept u al knowledge and 
the approach that leads to competence in quantitative reasoning, b an expert system Ond^s 
emphasizes problem solving and factual knovriedge. 

* In establishing a vocabulary for dismssing KR issues, we suggert two (ortbogonal) ways to 
categorize die knowledge of a physics tutor. The first consists of facts, skills, and conoqNs 
and the second distinguishes between expert and pedagogic knowledge. 



2. Tar^ lteh«vlor» for OnartHadfe mu OnnntoUve TJadewtandInt 



The structure and content of a computer tutor, and thus its knowledge rqireaentation 
(KR), strong depends on the types of target bdiaviors one widies to see fai students. In 
this section we look at performance on quantitative vs. qualiuthfc physics questions that we 
expect our students to have and share our ^pecuhttions about what a KR would kxk like 
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for tutm focusiiig oo dther behavior. We will be u dear u$ ponble about the inteaded 
uae of the lytfeoii. 

Both quantitative and qualiutive quettiona (and bodi typea of iramning) are needed 
n learning physici. Qualitative questions encourage the student to think about n physics 
dtuatioo in realistic, noihfonnular*«entered ways; sudi questions are useful for enabling the 
ttudent to diagnose and construct her concqitual knowledge. Quantitathw questions are 
<:specially useful for ^^■•g«*^"*g and improviog problem sohdng abilities 

Most questions in standard physics homework cxerdses and exams are of the 
quantiutr^e type. Often students mbo 9pptu competent on sudi questions have diffintlties 
Moving non*$tandard problems (of both qualitative and quantitative types). These difficulties 
can be manifestations of poor problem solving abilities and/or inadsquate gra^ of die basic 

«x>noq|)ts. 

Qualitative target behaviofs indude a studentli abiliqr to answer questions abcat: 

^ the existence of objects, properties, and variables (ex: Does a force exits here?); 

^ the relative magnitudes of variables (ex: Which side has the larger force?); 

^ the directions of vectofs (up, down, etc;) and change (greater or smaller); 

^ features of items, compare and contrast; 

^ causality, functionality and importance rdatiooshqis; 

^ hierarchical relationships such as part*whole, classification, and set membenhq>; 
We are currently more concerned with the first three ct these in 
teaching physics knowledge. 

Quantitative target behaviors indude a student's abiliQf to: 

^ determine numerical values for variables given a suffident set of 
facts; 

^ demonstrate domain-qpedfic problem solving skills, procedures, and heuristics; 

We can best illustrate our notions about the two types of reasoning dirough examplt^ 
and questions used for eadi. We use two physical situatioos, throwing a stone vertically 
and a simple crane-boom problem (see Figures 1 ft 2). Cormynnding to eadi behavior 
are wpod&c questions that a tutor might ask to test dut a student has mastered the 
f«titicular approach. Qualiutive and quantitative questions for each caumple are lilted hi 
I'lgure 3 and for the crane boom in Figure 4. Note diat some of the. qualitative question 
are intended to check miiconrtptions 

One can appreciate that the structure and content of the knowledge iqpresentation 
needed for each type of reasoning and teaching should be quite different. In the third 
section we present our design suggestions for a qualitath^ and quatitative tutor and 
continue to desaihe each ^stem as a sqwrate entity. TUs b for UlustradoQ pufposes only 
- an actual physics tutor should incorporate the reasoning and rqmsentatioo of both kinds 
of tutors. In the next section we present a taxonomy of the types of knowledge used in 
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Onalitotive Qnestfooi for the Stone Throw Problem 

1. Will ft lighter itooe. given the same initial vdodty, go higher? 

2. What are the forces oo the stone when it is half way up? At the top? 

3. Does it come down faster than it goes up? 

4. b the time between the throw and the afcx longer dian between the apes and 

the impact? 

5. Why do(» it reverse direction at the top? 

6. Can it be thrown so bard that it will not fall back? 

QnanUtaUve Quealloui for the Stone Throw Problem 

1. Given initial velocity, what is the maximum trajectory height? 

2. If the stone U released from a height of 3 meten, what is the final velocity? 

3. What initial velocity must 1 give it so that it wiU be going 30 m/sec 20 meters 
from the ground on the way back down? 

4. If I release a second stone just as the first one passes my hand on the way 
down, what will be the time lag between their impacts? 

Flgnrc 3: Questions for the Stone Throw Prsblcm. 

building a computer tutor. 



X Tvpea of Know ledec In Tutoring Phvrics 



As already mentioned, the KR of a computer tutor will vuy with the kind of 
reasoning and teaching the system is expected to perform. In this section we propose an 
oitbogooal categorizatioQ to that of the quantitative and qualiutive tutor. In this section, 
we categorize domain knowledge for a computer tutor bto facts, skiUs, and coocqM on the 
one hand and into expert and pedagogic knowledge on the other hand. We will also 
discuss knowledge represenution issues in student modeling and in the next tectioa describe 
KR for two theoretical tutors in terms of this taxonomy. 



ERIC 
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QnaliUitfTe Q u a rtl o M for the Crane Boom ProMcn 

1. What are the forces oa the cable (navies and diiecttoos)? 

2. Given any cable itrefigth and bob weight, can we always find a theta which 
wiU bleak the cable? (The aniwer it yes, I think) 

3. How does the wei^t of the boom effect the torque on the wall? 

4. In what directtoo does the boom push or pull the cable? 

5. What would happen if the cable and bob wire were one continuous wire 

and it ran throu^ a metal "eye" at the end of the boom that allowed it to 

move freely? 

$. What would happen to the tenrion in the cable if the boom angle were 
increased? 

If the boom were longer? If the bob wire were longer? 

QnantltatiiTC Qocttioas for the Crane Boom ProUcn 

1. Given the bob weight and cable anj^e theu, what is the tension in the cable? 

2. If the cable breaks at SCO lbs., wha; is the min. theta? 

3. For a theu of 30 degrees, what is the maximum weight? 

4. Given theta and the cable tension, what is the bob weighti? 

3. If the cable is shortened to raise the boom to a 45 degree angle, what will be 
the tension on the catle? 

6. What is the force on the wall by the boom? 

Figure 4: Qocftioas far the Crane Boom Problem. 



3.1 Pady. skills, and cencwHi 

He first division of domain ksowtedge is into facts, skills, and conoqjts. Facts 
include dedaralive knowledge, including propositions, definitions, objects, propeitiea of 
objects, relatioathipt betweea objects, etc. Skills include knowledge about how to use 
factual knowledge and might include procedures and heuristics. In many domains, skill 
knowledge is the problea solving knowledge. ConcqMs include entities ttat act u 
pUoe-holden or denoutioss to complicated constructs which we believe experts have, such 
as knowledge about gravity. Novices, too, bold concepts, however their oooocptt often 
include misoooceptioos. Thus we use facts, skills, and concepts as a convenient way to tease 
apart the knowledge of the domain. Although our taxonomy of knowledge b faidqKndent 
of the way it b represented in a computer program, it b worth noting that facts are often 
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represented uang frames or seaitntk networks and skills as a set of production rules or u 
attached procedures in frame* tyttems. 

Many KR languages (and cognitive sdence theories) propoie breaking knowlectge mto 
declarative or procedural components correyonding to the fint iJid aeooad cat^oiy above. 
In tutoring, however, we find it ne!^»!y to include the diiinl att^siy, ooacqm, because 
tome knowledge, due to its complexity, can not be deflnithely icpiaeated. Examples 
include force or oonvffvatioii of momentum (in physics), lecunion or types (in 
programming), and symmetry and infinity 0^ math). These concepts can only be described 
in terms of how they zelate to other pieces of knowledge. For cuunple, the declarative 
knowledge of how many planets there are in our solar system can be stored explicitly in 
our KR, u can piocedures or heuristic rules for solving simultaneous equations, but the 
concept of force can culy be described by examples, by relating the consepc to other 
concepts, listing related facts and procedures, and/(v q)ecifying behaviors that indicate 
competence with the concqit. 



3J Enert kn owledge and nedagodc knowlcdtc 



Implementation of a tutor requires knowledge used fay an expert to solve problems in 
the domain along with pedagogic knowledge about how to teach the expert knowledge. 
Pedagogic knowledge includes knowledge of the importance of items, the salience of 
features, the necessity or typicality of features, the learning difficulty of procedtsres, and the 
necessity or sufficiency of rule antecedents. Some pedagogic knowledge is a a oda t ert with 
problem solving rules and allows an expert system to be articulate, U. to cxplaitt its actions 
and dedsioos. Illustrative examples and diagnostic procedures are also part of pedagogic 
knowledge. 

Pedagogic knowledge may be represented sqwrately from expert knowledge, or it can 
be qmnkled amongst the expert knowledge-* induded in die frames and production rules of 
the expert knowledge. Relating this categortation with the previous one, fact and skill 
knowledge can be of either an expert or a pedagogic nature, while conoqMa will ahvays be 
pedagogic entities, since they are not needed by an expert system to solve a problem. 

In sum, the knowledge necessary for a computer expert to solve a problem is expert 
knowledge; all other knowledge (used for explanatioo, tutoring, student modding, etc.) we 
call pedagogic knowledge, because it is needed in order to teadi or explain the expert 
knowledge. Pedagogic knowledge contains more than infotmatioD about liow* to teach tfc« 
domain knowledge; it contains information about how the studeitt teams or fails to learn 
that information. Common student errors and misconoqidiios are often contained in the 
pedagogic knowledge. Novice students will often focus on inappropriate (yet correct) features 
of a situation. 

For example, given a book resting on a uUe, a student may think that a table's 
'inflexibility" property implies that it can not exert a force. Sudi non-relevant properties d 
cbjects should be induded in the tutor's KR, and flagged as noe 'relevant. Also induded u 
fedagogic knowledge would be such things such u miscoooqitiaos, cuiiicuhui sequences, 
O frerequisites, "genedc* or evdutiooary Unks between KR items (such u generaUzadon, 

ERjC a 
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oWnTknowl*^ lOdditdn 1982D, wd pedagogic link, between concept, or aampto 
(wch u extreme cmc, antloior, coanter example, etc.) 




Our dbcu«lon of .tudcnt modeling nddre^. only the 
knowlS^. «d not the more difficult ijue. l-^l^^^^ ^SS^ 
«ignment and rtudent pif- -^tioo. more reen. to ^J^^. «^,"S«3ld« 
;SStag the rtudent in exb-in ^« One m^ *^ 

to\S« to the eq«it know.«lg. (we will cU thi. f^^^ 
method doe. not ^ expert luKmledge or repre«at. ttudent and expert knowledge 
independentiy (we will caU thi. -autonomou." modeling). 

Barically, the autonomou. modeling method. fl)edfylng aU of the 
rtudenrS to leam in a check to or UjWe form «jd • vjj^ ^ 2 

tbeie item.. The value, can be -ye.." -no." or ^ iS^L^L^? hll 

numerical certainty or rtrength f ^^"^^^"^Tt^J^^^ll^l ^ 
the piece of knowledge. «r altematirely. tte ertmated r^^^^'^J^'^^^ 
rtudent. Some Kheme. have included refold, of ttie number "^S^I^Z^T^^T^ 
wa. needed. u»d «,cce«fuUy. ured mmicceirfully. •«>JS2l, ^^^^^ 
repeated enw. and mi«>nception.. can be -^f^ ^ .^^^ 

modeling. Autonomou. modeling murt be ured In tutoring .yrton. ""^^^Jf .75^ 
^Wi*. in «y«t«»» who.e knowledge object, merely refer to human knowledge, a^d do 
not attempt to repreient that knowledge computttlonally. 

aone modeling b more compUcated; the Mudent modd b linked "^^^ 
expert kncrwiedge re^re^nution. In «idi a .yitem thejudent'. bi*«^ ^^.^'^ 
STthe way U.e Vxpert would have «lved • J^«" " IT^ltoS 
rtudent'. knowledge b intrrreted a. the union of: l)a oibij^ of ^V^^Jf^Jj^^ 
(an -overiay- modd). and 2) a ret of -buggy- item.. Ihe bunr tow «• J^^SSSS 
nue mutant done.) of the expert knowledge. There are a number of -^^^^ pettaibatloof 
^""Z tSluJe (in frSTterminolcty): ^ «id vdue. ^ 

and ddeting feature, (riot.). For example. a»ume 
JamS Ug. wwTha. a v,lue of 4. E>ample. <>«."«!JfL^r^ 5^^^ ^ 
5 in the Leg. dot). -I don't know how n««y leg. dofi Jj^" 
have 2 witp^(a feature Wing, b added, with it. value of 2). ami •Wumbcr of leg. Has 
nothing to do with dognem" (a mbring feature. Leg.). 

Other tvDC. of deviation, tavolve hierardiical or evolutionary rdatioMhip. between 
«««« of knSLte Bumple. are ovcrgcncnOization ("Animab have 4 ^-). 
^^^^Laf^^P^ bSLn flexible and inflexible object, when 
inappiopriate) or inappropriate analogic 

Some error. Invohre the interaction of normdly ^^^jj^^^'^l^ 
Example, are uring the name of one thing to refer to another and P^V*? 
wST b kiSUn to an unknown item. Knowing that the rtudent hu cxmfurd two thing, b 

> 10 



9 

much mote uieful in tutoring than juit knowing that the got a question wiong or hu the 
wfong value for a feature. 

Factual knowledge* eq)eciilly if Ijipleme&ted in frames, is quite amenable to the 
deviant cloning mediods, u the addition, modification, and ddetioQ of values and sloci 
above suggests. Skill knowledge is also amenable to cloning, as suggested in the Burton 
[1982]. In modeling student skills, in addition to reirtsenttog how accurately the student 
knows the individual stq)s, the Older of o^ecution and the peitdved priority of stq» or 
rules is also significant. 

Conceptual kno<»^edge consists of referents to human knowledge constructs and as 
sudi can't be modified computationally. However, as suggested above, links amongt coocqsts 
and misconcept i ons can indicate whether they are known to be generalizations, 
specisliiations, etc., of each other. 

Hie opert knowledge in the tutor is fixed (during a tutoring session), while the 
student model is constantly updated. Hie uncertainty involved in modeling the student puts 
stiong demands cn KR, and may lequiie truth msintensnce or eodorwnent information 
[Cohen 1985]. 

Finally, it may be desirable to indude student background information, such u 
learning styles and preferences, tutoring session history, and personal and a c a demi c 
information. 



I. KR for Tutors r^r OiMlltMllvg QnantltnHvft Thinking 

The previous section has provided some termnology with which to discuss KR 
syttems for tutors that focus on qualiutive &nd quantitative reasoning. In this section, we 
present designs for either the qualitative ot quantitiative physics tutor and strongly 
^iitiimi^ait the two inorder to clarify our position. In actuality, the dis ti nct ion between 
qualiutive and quantiutive reasoning is not always clear and, as mentioned above, the ideal 
tutors will have abilities in both areu. 

The desi^' m our quantiutive tutor will enable it to be an cqiert problem wohet 
and its KR will focus on factual and skill knowledge. Hie design for our qualiutive 
physics tutor will not tc^ able to produce an expert probleni solver and its KR will 
emphasize conceptual u well as pedagogic knowledge. 



KH fur m Onaliunfe Phvsto T\rtor 

Qualiutive imdentiuiding of a oompla domaia is cwenrial to the prooea of learaing. 
However, it it very difficult io buUd an expert qualiutive proMeoi aotver. DeKleer A 
Q Brown (I960], and Foibus [1982], and otfam have raearcbed modeUng qualitative proc c w i 
ERXC "meaui models") and have looked in <'«tail at bow to answer qualiutive quetfions 
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about fuch objects u car cnjpnes, electrical drcuitt, projectile motioo, aod f!-ud dxcuici. 
Tbey ait iotererted ta^^uestioc^ tucb as ^HHlow docs it work,** If I increase this what will 
happen to that,*" *^at causes this part to functioor and "^tit will happen if I take diis 
part out?.** This work looks promising, but it is still in its formative sUges. As their 
resesfth progiresses, we may eventually be able to Incoiponite cqiett qialitative probteci 
lolven ta physics tutors. Our design for n qualitative physics tutor does not result in an 
expert system. In Figure 5 we provide eaiampte frames using our proposed qualitative*KR 
structure. We store pre<alailated solutioos aid text opIaMtions, and focus on the 
pedagogic knowledge needed tc: 1) convey the concepts to be tau^t, and 2) recognize and 
teqmd appropriately to preoon:qptiotts and mlsconoq)tkns. 

The qualitativo^KR sdieioe we present here comes from the cast based tutoring 
^CBT) paradigm which we are developing. CBT is an example based Socratic tutoring style 
that emphasizes qualiutive an«l analogical reasotdng and Mppem diectivn for tutoring 
subjects where student's precoccqitiois pby a Urge role. A Cnt* order case based tutor 
will run without language recogoltlon^ language generation, enphistfcated discourse 
knowledge, example generation, sophisticated student modeling, or ra expert problem solver. 
Therefore mudi of the informaioo b die qualltative>XR is in the form of canned tort and 
pr»defined pointers. More advanced systems need to have donudn inferendng and 
communication knowledge which will enable the tutor to do some of these things 
intelligfntly. 

CBT focuses on the use of example situations hi tutoring. The types of objects in 
the qualiutive-KR system ar^ SituationsgSir-ri^Ir (situation relationships), Ccmeqas^ and 
MisconctpfUms. Situatioiu cr^ a descriptfcms c4 the eumple situations, questions and 
answers about these situations, and hiformation iib^tt the situations relevant to using them 
in tutoring, such u prerequisite concepts, key assumptions, and level li difOculty. 

The Sit-rtls describe how the situaticis in the quallts^tive-KR are related 
pedagogicaly. Examples are «treme ca^. simple case, analogous catf.. The St«reb are used 
by (yet to be specified) !utoring rules hi deciding what situation to present neart. 

Ctmcepts and Mtsctmceprions are objects that form part of the student model. A 
student's answer to a question may increase tiie evidence that a student has or does not 
have a certain concept or misooncqKlon. Concepts and Misconceptions merely refer to 
hypothetical constructs in the minds of students or experts, they do not cxpUdtfy describe 
these constructs. It may also be possible to have objects called Concept«reL which relate 
concepts and misconcep ti ons according to relationships such as prerequUte, generalization, 
tpedalization, over«generalization, etc. [Goldstein 1982]. It is not dear how tfils type of 
knowledge should be used though. 

Pedagogic knowledge the curriculum level could be hiduded to structure the 
presenution of material. The tutor oould follow this curriculum, devhiting from it when 
remedial or explanatory action b needed (whidi should be quite often), or when the 
student interrupts the tutor vith, for example, a request for a new example. The following 
object types are possibilities: 

Topics • Define the local goab of the tutor by organizing the coocqxs to be addressed 
with key example situations. Topics also have information about prerequisite coocep to and 
topics, pre^tests, summary and overviews, and post*tcsting. 
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Curricula • A partially ordered wt of topic*. 
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il 

(nnitdoEhl vertical-«tooe-thraw 

(ke)^ooQCCpCi (force-eiisteiicc l*dim-pro)cctile*moCioQ)) 

(det:iqiCiao p^^0Q throws a stOQc stniglit up in the air, and it eventually lands not to them*^ 

(deiiiled-dcscrqsCioQ ''a stone is thrown almost straight tip. It reaches its peak 

and then comes bock down landing neit to the thrower. We assume there is 
no effect from air frictioQ.*^ 

(sssiiinprions ("iyo air friction*^) 

(question-l **what are the forces on the stone when it is half way up?" 

(aplanatioo *The downward force of gravity is the only force oa the stone while it is airborne. ^ 

(hint-1 "Yemember that a force is any kind of a push or a puU*7 

(correct-answer #1) 
(answers 

(al 'Ihere is only the constant force of gravity acting down* 

(miacoQ nil) (concept 3)) 
(a2 'Hhere is only the downward force of gravity which is always mcreasingr 

(miscon 16) (concept 3)) 
(a3 *1here is the downward force of gravity and the iqvwanl force of the throw 
which is constant** 

(miscon 1) (concept nil)) 
(a4 *1here is the downward force of gravity and the tqiward focce of the throw 
which is decreasing.'* 

(miscon (1 2)) (concept nfl))) 
(mis:orceptioo-l ^'objects carry an impetus force*0 

(mis»iception-2 ^impetus force dies out with time") 

(coo:ept-3 "objects don^t carry an impetxis force*^ 

(sit-iel-1 

(simple case (vertical-stune-throw stoocKirop)) 
(expl "only gravity is acting in both cases")) 

(8it-rel-2 

(extreme<ase (vcrtical-stone-throw throw-to-mooo)) 

(expl "if there were no other forces on the stone, it would always come 

back because there is always some force of gravity on it. However, 
other forces, like the moon's gravity, could change its trajectory "))) 

(sitrcl-3 

(comparison (vertical-stonc-throw rocket-8h4>*Iiftoff)) 
(expl "a rockiet ship liftoff is different bemuse the engines 
provide a constant force on the rocket") ) 

Flgurt 5: Einmple Qnudllattvc KnowlMitr tor Ctue Stone Throw SHnarton. 
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4J KR for a Oii«ittotiT« Xftt^ ^ 

Our goal is to design • quantiUtive-KR structure that wiU be general and powerful 
enough to wpport (or upgrade with) the inferences made by tuton and expert problem 
solvers (within tutors) for many domains. The stnicture we suggest may be an over-kill for 
any particular tutoring domain and it remains to oe seen if the extra effort is worth 
effoft of tiying to achieve uniformity across many tutors. 

The quantitative-KR system we propose is based on using a frame^ike dieU with 
nominal functionaUty including inheritance, defaults, and attached pioceduies. In addition, 
we keep within the spirit of KL^E {BrMfaman ft Schmote 19SS) knowledge 
representttion framework, and define a system that limits the set of possible idationships or 
slot names for objects. Doing so provides greater predsloa fai nprcmutkm and increases 
the pswer of the inference rules and operators which act oo the knowledge. According to 
model, we limit the slot names of objects to things like is4. sutnaits. properties 
(I pltce predicates), reUtiooships (n- place predicate*), and examples. 

For example, in the noo-ideal case, if we want to represent that a ttbte is blue, we 
could have a slot /or Color and flU it with -Wue" for this particular table. A more 
desirable representation would be to have an object caUed Color whkh is of type 
Object-property, and have an instantiation of Color. caUed Color.l5. which repicsents the 
prop'jrty of having a blue color. We then have a doc in the table object for 
objoct-propertie*. One of the items in this slot would be Coior-lS. Tliis cartra level of 
refinement enables us to reason about oolorness in general through •^le Color object, and to 
reason about Uueness in general through the Color-lS object. Other pbywal objects that 
have a blue color would have this same object. CoIor-15. in their object-properties slot 



42.1 Reprejenting Facts 

Our ideas for a quantiUtive-KR structun for a physics tutor were inspired in pert 
by the works of Forbus [1982]. deKleer A Brown [1980J. and Novak [19m. We represat 
icparately noun-like objects, such as physical objects and sutee, from relationship and 
property objects, lo that an expert system can reason about properties and leUtionships 
Figure 6 define classes of objects for our proposed quantiutive knowledge base and Figure 
7 provides example frames from the stone throw problem. 



*22 Representing Skills 

The tutor needs procedural knowledge (skill knowledge) about how to solve problems 
m the domain. This knowledge can range from simple reasoning about specific domain 
algorithms or equation sotving. to more complex beuristie problem sotying knowledge or 
I spatial/geometric reasoning, to veiy oompla reasoning about \ommoa sense" knowledge 

Common sense knowledge, wchas-ifAisoatopofBthenA toucbea B" and "if A b 
red then A can not be Wue," is in general, difficult to model with completenesi. However. 
, some common sense knowledge can be easily incorporated into frame repmeatations. For 

ERIC bt^bato •» kto* of bdit Onheritanoe), aU bdb are lound (4at values), carts 
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Phwobk (phytical objects) represeot the phyrical objects in the problem such u 
can, people, balls, planets. 

Cm-obk (canonical objects) rqnesent abstractions of physical objects that have 
agnificance in fAysics problem solving. All Pbyvobji are of some type of Can-obj. 
Examples of canobji are: can, ball. incUned plane, pivoCi»int, point-mass, wall. For 
example, cars, trains, wagons, etc. are all treated the same for the purpose ci 
physics {»obtem solving, so Hxty are all or the sair>e t^-pe, ije. tart.** 

Obi-PTOPS (object properties) rqffesent physical and canonical objects defined 
according to their propeities by pointing to obj-props. The obiprops themsehres are 
separate objects which contain information about things whidi must be true of any 
object having that property. Can-ob|i have physics-relevant propotiet such u weight, 
length, surfacMmoothness. Phy^obji have non-rdevant propleities such u color, and 
owner. 

Obi-rels (object relationships) represent spedfic reUtiooships between objects. 
Examples »re on-top-of, touches, dhKance-between, attached-to. 

Fonnula-rels (formula relationships) rqiresent re l a tionship s between parameten of 
objects. An example is '?<ewton'»4eoond-law,'' F«ma. One could specify that the 
Newtons^econd-Uw relationship holds between foroe-on(ball), mass-of(baU), and 
acceleration-of(ball). Here the force, mass, and acceleration are Obj- props of the 
Can-obj ball. 

P/S's (piocess/sutes) represent {diysical processes or states sudi as rolling, sliding, 
evaporation, oscillation, collision, and electric current. ?/S't have slots for '^uxonT 
which are filled by Phy^objs. P/S's specify quasi-stable relationships between objects 
by indicating what Obj-rels hold between the objects in that P/S, and what 
Formula-reb hold for the parameters of the objects. The P/S can also specify 
functiortl, causal, and temporal relationshq» between objects. The cane^xxMU is a 
P/S since it hu a given set of relationships between a given set of objects (even 
though the parametm can change their values) 

Situations are frfiysical situations composed of one or a number of P/S's which share 
common actors and have an cn'erall temporal or causal connec ti o n . Situations are 
included in our scheme so that we can rqmsent entire storirs ot a s equence of 
P/S's. For example, a block slide* down an inclined pUne, ilalls, and lands on a 
sponge. The sliding, falling, and collision are separate P/S's. IffatiQg, evaporation, 
convection, cooling, and thea precqnation of water b another example of a 
Situation ccmprised of several P/S's. Hie individual P/S's share tome of their 
objects (auon) in these Situations. For most of the examples we are concerned with, 
the Situation consists of only one P/S, so for most of this p^ier the words 
Situation and P/S can be used interchangeably, i«. a reference to the cran»4)oom 
rituation is equivalent (unless otherwiw noted) to die crane boom P/S. 



ERIC 



Figure (: RcpRtcntfaig Facts In a Qoantttatlfc Knewle^ base. 
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(phyB-obf«toiie-l 
(ctflomcil-type poinMniss) 
(prapertict 
(mMM 

(viluc SO) (units k|)) 
(material rock) 
(color fray))) 

(pbyB^)>pcnoa-l 
(canonical-type cannon) 
(propertiea 

(name ''a penooO (tngle 90) 
(humanp t))) 

(can*ob}*pouit-maai 
(pcupcitics 

(nuw nil))) ; nil for unknoim 

(can-ob}<annoo 
(propertiea 

(angle niQ (max-force nil))) 

(formuIa«distance 
(parameters (x a t vo zo)) 
(reUrionshq) -i«J^aMn+wM + lo^) 

(forriula-velocity 
(parameters (vat vo)) 
(relatiaoahq) "V » a • t + vo)) 

(formula-newtona-3rd 
(parameters (( m a)) 
(rclationihip t « m • a'O) 

(formula-fravity 
(parameters (ml m2 g r f)) 
(rtUrtonihip - g • ml • m2 / rV)) 

(p^s-verticai-projectile 
(name nil) 

(actors (cannon point-mss)) 
(parameters 

(hei^t nil) (vel nil) (tnit-vel niQ 

(mass get-pcop point-man mass) (cannoo-angfe geti:fop cannon angle) 
(cannon-height niO (t (value -5) (tmits m-per-sec-squ)) 
(final-vel nil) (apogee-height aQ)) 
(relationships 

(formula-distance (het^t a t tnit vel cannon-height) 

formula-velocity (vel a i init-vel) 

(setq apogee-hei^t ((-voNq/(2^) 4- zo )))) 

Figure 7: Ezampic Qoauidtatlff Knowkdfe Rcpracntatfoa for toe Stone llirow Sttoatloa. 
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imutty have four wheeb (default.), and the center of a board la half 111 length from one 
end (attached procedures). 

An ideal computer tutor needs procedure* and/or futet that enable it to make 
K>plristicated inference, in order to 1) underhand. 2) «)lve. and 3) teach domain knowtedge 
and domain problem.. As mentioned above, we are not concerned with tutorinf rule, (uem 
3) here (eicept to note that pedago|ic knowledge about the eipert knowledge wdl aaut u 
.tudent modeling and wiU help dynamicaUy determine the foci and foj»» o^J** ««»tonng 
Mssioo) We will abo ammie that the tutor undentands the meaning of the problem, that 
it cen^ or b given (item 2; U. it doe. not have to interpret the meaning of an 
U^STdomain pioWem given to it by the uier). So we wiU UmU our dbcutton of 
I^roblem wiving knowledge to thow skilb needed to wtved the proNem once it i» 
undeniood. 

Several reoarchei. have looked at the procedural nature of skilb •» repfoented in 
luton IBurtoo 1982. Cioldstein 1982. and Andenoo 19851. In such systemi. student b^viw 
u usually modeled a. if-then rule, (producdoo.). and the studeol'. sklU knowledge b 
interpreted a. a set of rule, that overlap the eipert rule Some student udons are 
interpreted a. correct eipert rule., and other, u enooeou. rufcfc Hie wrong rule, an be 
deviatioca of expert rule, or ertraneou. rule.. The tutor fbllow. the student, behavior, 
interpreting it in term, of recognizable correct and liuggy" rule^ and then take, 
appropriate action. A. Anderson point, out. problem solving activity b r^Mnveo. The 
PfoduSioQ. in hb tutoring systems reflect thb by Indicating how goab are broken into 
subtoab a. the problem's -Wution space" b searched. He stresses the importtnce of 
CTBimMnWrint the goal structure of the problem fioMnf to the student. (See abo Heller A 
Reif 1964 on goal structured physic tutoring). 

As an example, the goal of solving a crane boom problem could be broken up into 
these subgoab (or sub-procedure*, or sub'fkilb): 



1. Recognize the important object, and their part, (booms, cables, etc.). 

2. Recognize the relevant physical relatiooihip. between object, (ejections, 
support., etc.). 

3. Recognize and label the important parameter, of the problem (force., lengths, 
etc.). 

4. Decide on a strategy. For example use the fact that the sum of the force, and 
torque, on each object b zero In li static situation. 

5. Recall the relevant formulas. 

6. Instantiate the formulas for thb problem. 

7. Solve the equation.. 
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8. Interpiet the answer in tennt of the origiiud proUetn rituatkm. 
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These tubgoals would in turn be broken up into tequenoes (or hicrtiduet) of goab or 
MpeaRc actions. There are many design issues about how to incorpomte pioductioo rules 
for problem solving in tutoring systems, including making a choice of grain size for the 
rules» deciding on conflict resolutions strategies, and recognizing student ptans and goals. 

The quantitative-KR for an expert tutor may need procedural expertise in 
measurement (measurement error, units conversion, rate of diange, etc.), 
geometry/trigonometry (spatial reasoning), temporal reasoning, aod causal reasoehig. More 
sophisticated systems may need to reason about hypothetical situations, possibility, and the 
probability, consistency, relevano:, and redundancy of information. 



A23 Representing Pedagogic Knowledge in a Quantitative Tutor 

The KR for design of a quantitative tutor contains only pedagogic inforaiatioo, sudi 
as concepts and examples. There are some types of pedagogic information which Mpfy only 
to the qualitative tutor. For example, we may want to store pedagogic information about 
the importance and salience of object's properties. The non*relevant (to physics) Ob>props 
mentioned above are pedagogic knowledge. The rules or procedures th^t comprise skill or 
heuristic knowledge should be annotated according to difficulty level and should be 
annouted so that they can ''ecplain themselves** (as in the Guidon tutor for the Mydn 
expert system). 

Our suggestions have emphasized the use of expert knowledge for quantitative tutors 
and pedagogic knowledge for qualitative tutors because this diviecn c orr es p onds to two 
realizable types of tutors. As mentioned above, tutors of either type could incorporate both 
expert and pedagogic knowledge, and ideal tutoniDig systems should reason both qualitatively 
tad quantitatively. 



5« CoBdssigii 



We have designed a knowledge rqMresentation that allows a vtriety of researchen to 
tease apart knowledge needed to teach a science domain. We have designed a structure and 
vocabulary to facilitate teachers and knowledge engineers in Ai^gtiing data bases for tuton. 
Though we still need to test the efficacy of our design, the intent was to amke the design 

1) general enough to be used for multiple science domains and several target bdiavion and 

2) powerful enough to support (or upgrade to) sophisticated inferendng in expert problem 
solving and student diagnosis. 

We introduced two independent categorizations of knowledge: facts, skills, and 
concepts, and expert^)edagogic knowledge. These orthogonal categories have been useful for 
discusnng the function of pieces of knowledge, the form in whidi such knowledge will be 
'mplemented in an AI system, and the target behaviors desirrd in the students. 
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We h»vc •!» in«de » diitinctioo between quaUtative and <l»«tttit*tive thinkiiy b 
«hvri« tnd oioooied KR ichefflet for both. 1W» dMrioo conopotuh to two <JI«in|uiihable 

lepjautiooil itructure. that we .fe devdopiot. A mo» t»aal •J^V'"*" ' 
^^oiwaid combinatioo of the featuie. of the qualitative and quantitative tchemea. 

An intelligent tutor muit handle laife amounts of domain iiiormation if it ii teach 
inawbuMMd^effulmamier. Tl** •y««« ««« »VJ"2^ 
VJ^L by When or domain expeita. Wo can not cj« <^ V^^J^ ~ 
Zleup to the idcd foburt without conidetaWe leieaich. Thii papa ihow. a ^^J^ 

Meaich and we look forward to iti evolution a. we attempt to utilise it for buUdir^ 
tutors in many domaini. 
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